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RAP mixes. For the purposes of discussion, the RAP Expert Task Group defined "high RAP mixes" as those containing 25% or more RAP. Toward addressing these questions, a documented RAP field experiment at the National Center for Asphalt Technology (NCAT) test track is being conducted with two test sections containing 20% RAP, four test sections containing 45% RAP, and a control section containing no RAP.
The primary objectives of this study are to evaluate the constructability and performance of asphalt mixes containing moderate and high percentages of RAP under accelerated loading. The experiment also examines which virgin binder grade should be used for mixes with moderate and high RAP content. A secondary objective of this study is to determine if laboratory tests can predict the performance of RAP mixes in the field.
DESCRIPTION OF TEST SECTIONS
The NCAT test track RAP experimental sections were constructed on September 25 and 26, 2006. The RAP experiment mixes are surface course mixes placed approximately 50 mm thick on a milled and tacked surface. The underlying pavement structure is approximately 560 mm of HMA over an aggregate base. Each mix in the experiment used the same aggregates and RAP components. The RAP was fractionated into a coarse RAP material (−19.0 to 4.75 mm) and a fine RAP (−4.75 mm). The binder recovered from the RAP was graded as 89.1-16. 4 . Table 1 summarizes the binder data for the test sections in the RAP experiment. The virgin binder for Section E7 contained 1.5% Sasobit, which is a warm-mix additive. However, the additive was used as a compaction aid, and the plant mixing temperature was not reduced. The predicted binder grades were calculated (AASHTO M 323-07). Binder extractions (ASTM D2172) and recoveries (ASTM D5404) were conducted on mix samples obtained from the haul trucks. The solvent used in the extraction tests was trichloroethylene. Recovered binders were graded (AASHTO M 320-05). From these data, it can be seen that most of the recovered binders graded slightly higher than predicted on the high end and slightly lower than predicted on the low end.
The target mix design asphalt contents for the 20% and 45% RAP sections were 5.6% and 5.0%, respectively. The control virgin mix test section had a target asphalt content of 5.8%. Plant discharge temperatures ranged from 143°C to 160°C. The number of design gyrations for all mixes was 60 gyrations. Table 2 shows a summary of the quality control (QC) data from the construction of the RAP experimental sections. The laboratory- As asphalt prices have continued to escalate over the past few years, a great deal of interest has focused on the utilization of higher contents of reclaimed asphalt pavement (RAP). Across the United States, current RAP utilization varies considerably, but the average RAP content is estimated to be around 15%. Benefits of recycling asphalt pavements include conservation of nonrenewable natural resources, removal of deteriorated pavement surfaces, reduced energy and emissions for hot-mix asphalt (HMA) production, and economic savings of materials costs. The economic motivation to increase RAP contents is greater as prices of asphalt binder rise.
Testing of Moderate and High Reclaimed Asphalt Pavement Content Mixes
However, several obstacles to increasing RAP utilization still remain. These obstacles have been identified by an FHWA RAP Expert Task Group (1). Two of the needs identified are documentation of field performance for higher RAP mixes and an answer to the question as to what grade of virgin binder should be used with high compacted air void contents for a few of the sections were around 2%, and voids filled with asphalt (VFA) were about 10% above the design range for heavy traffic pavements. These would be considered failing test results in many agency quality assurance specifications. These questionable results were primarily caused by gradation differences of the RAP stockpiles between mix design and production. The RAP screening unit was not available to the contractor until a few days before the test sections were produced, so the mix designs were performed with lab-fractionated RAP. Although the QC results caused some concern about the rutting potential of those mixes, the project had a tight schedule and limited quantities of fractionated RAP and PG 52-28 binder, which led to the decision to leave the sections in place and evaluate them as produced. The test track is a good venue for evaluating performance, even when conventional wisdom predicts failure.
The compactability of the RAP experimental sections was monitored by taking nuclear density readings at a single point in the sections after the paver pass and after each roller pass. The nuclear density readings were later corrected with five cores taken from each section. The compactive effort of each roller pass was normalized by accounting for changes in applied pressure under the roller wheels or tires, as described by Lieva-Villacorta and West (2) . Figure 1 shows a graph of the changes in density as the accumulated compaction pressure increased during the compaction process. The final density results in the graph differ from the results in Table 2 . The in-place density results in Table 2 are an average of density measurements from six locations taken at the completion of the test section. Figure 1 shows that the 20% RAP mixes compacted quickly under the first several passes. The compaction results were similar until the third pass, after which Section W4 (20% RAP PG 67-22) had a drop in density with further roller passes. The 45% RAP test section with the PG 52-28, Section W5, compacted easily under the first pass and then had no further increase in density for the next two passes. The section with PG 67-22 binder compacted similarly for the first several passes. However, Sections E6 and E7, which contained PG 76-22 and PG 76-22 plus Sasobit, respectively, compacted more slowly in the first several passes and then leveled out. A much higher compactive effort was required to achieve approximately 93% of G mm . The Sasobit additive did not appear to improve the compactability of the RAP mix in this experiment.
ACCELERATED LOADING AT TEST TRACK
Traffic began on the test sections on November 10, 2006. Trafficking on the NCAT test track is accomplished with five trucks pulling heavily loaded triple trailers. Humans drive the trucks to achieve the natural vehicle wander and better simulate highway traffic. In a 2-year trafficking cycle, the truck-trailer rigs apply 10 million 18,000-lb equivalent single axle loads (ESAL). For the performance data shown in this paper, the test sections had carried approximately 9.4 million ESALs over a period of 24 months.
TEST TRACK PERFORMANCE
Test section performance is monitored weekly. Measurements include rutting, roughness, texture change, and cracking. Rutting, roughness, and texture are measured with a high-speed automated road analyzer van. Rutting measurements are made with a scanning laser rut-bar to determine the average rutting in each section for each wheelpath. Roughness is determined by means of inertial profiler technology (AASHTO R 43-07). Pavement macrotexture is measured in the center of the right wheelpath with a high-frequency profile laser. The test sections are closely inspected weekly for cracking. If a crack is detected, it is manually traced on the pavement and measured to generate crack maps. The crack maps are used to track the progress of cracking in a section. Figure 2 shows the average rut depth for each section after 9.4 million ESALs of traffic. The section with 20% RAP and PG 67-22 virgin binder has the greatest field rut depth but is less than 10 mm after two very hot summers and is not expected to increase much beyond this point. All other sections have performed very well with rutting, even though some had low air voids and high VFA.
Previous evaluations of test track performance have used an increase in macrotexture as a measure of raveling. Figure 3 shows the change in macrotexture for the RAP experimental sections. Although all of these texture changes are relatively low at this time (<0.5 mm), the sections with the greatest increase in texture are the 45% RAP sections with PG 76-22 plus Sasobit and PG 67-22. The sections with the smallest texture change include the control section, the 45% RAP section with PG 52-28, and the two sections with 20% RAP. The overall magnitude of the surface textures for all of these sections and the change in textures are within the range typically observed at the track during a 2-year cycle. Therefore, the performance of all RAP sections is considered very good for raveling.
Minor cracking was noted in the section with 45% RAP and PG 76-22 plus Sasobit (Section E7) in late January 2008. As can be seen from Figures 4 and 5 , the mostly longitudinal cracks along the edge of the wheelpaths have progressed slowly. A preliminary investigation into the cause of these cracks indicates that they are very likely reflection cracks from the underlying pavement. Figure 6 shows the final crack map for this section from the previous cycle of the test track. A comparison of the crack locations in Figures 5 and 6 shows that most are in essentially the same locations. As described previously, all the RAP experiment mixes were placed on sections that had been milled to a depth of approximately 50 mm. Section E7 was one of the few sections in the previous cycle of the test track that had any cracking. These sections were constructed with a perpetual pavement type of structure to limit distresses to the surface layers. It was incorrectly assumed that the cracks in Section E7 from the 2003-2005 cycle extended only through the upper 50-mm surface lift.
A minor crack was also observed in early April 2008 at the beginning of the section with 20% RAP containing PG 76-22 (Section W3). Figure 7 shows the extent of the crack as of November 3, 2008 . This crack has advanced very little since then. Since no cracking was noted in this section from the previous cycle, it can be presumed that this is a top-down crack. It is possible that this is a construction defect resulting from minor segregation where the mix dropped from the paver's slat conveyor. At the time of this report the cracking in Sections E7 and W3 is of low severity as defined by the LTPP Distress Identification Manual (3). The cracks are only noticeable when walking the test sections. The other sections in the RAP experiment have had no cracking. Figure 8 shows the international roughness index (IRI) results for the RAP experiment test sections. All 45% RAP sections have remarkably stable roughness data. Two sections have had a substantial increase in roughness: the control section and the section with 20% RAP and PG 67-22. The increase in roughness for the control section is partly caused by a slow settlement in the embankment under this part of the track and also by the increase in rutting for the section. The increase in roughness for the section with 20% RAP and PG 67-22 is primarily caused by the increase in rutting.
LABORATORY MIX TESTING
Part of this study was aimed at performing a variety of laboratory tests on the mixtures from the RAP experiment. The goal was to apply several popular and promising test methods to evaluate the mixtures for rutting and durability to withstand cracking. Cores from the RAP experimental sections and samples of the plant-produced mixtures were obtained during construction for fabrication of test specimens for the laboratory tests.
Asphalt pavement analyzer (APA) rutting tests were performed at 63-07 at 64°C (AASHTO TP). Specimens were compacted with a Superpave ® gyratory compactor to 7 ± 1.0% air voids and 75 mm in height. Figure 9 shows the results of the APA tests on the labcompacted specimens. In general, the APA results seem to follow the expected trend: mixes with softer binders and high VFA are more prone to rutting. A comparison of these lab rutting test results with field rutting data from Figure 2 indicates that the rankings are similar, except for the control mix. The APA tests indicate that the control mix is the most prone to rutting, whereas the field results show that is not the case. An analysis of variance (ANOVA) indicated a significant difference among the mixes in this experiment (α = 0.05). A Fisher's least significant difference test further showed that the mean rut depth for the control mix was statistically higher than that of all other mixes, and that the 20% RAP mix with PG 67-22 also had statistically higher rutting than that of the other RAP mixes.
Reheated samples of the plant-produced mixes were compacted for dynamic modulus testing with the asphalt mix performance test. Air voids for the specimens were all within 7 ± 0.5%. The dynamic modulus tests were conducted with no confining pressure at 4.4°C, 21.1°C, and 37.8°C at frequencies of 0.5, 1, 2, 5, 10, 20, and 25 Hz. Figure 10 shows the master curves constructed from the average dynamic moduli results for the mixes from the RAP experiment. At the highest temperature (lower E*), the dynamic moduli results rank the mixes generally as expected, with the 45% RAP mixes stiffer than the 20% RAP mixes, which were stiffer than the control mix. Also at the highest test temperature, the 45% RAP mix with PG 52-28 was less stiff than the other 45% RAP mixes and stiffer than the 20% RAP mixes. However, the 45% RAP mix with PG 52-28 had the highest stiffness of all at the low temperatures. The other results for the other mixes continue the expected ranking for stiffness across the frequency and temperature ranges.
Reheated plant mix samples for each section were also used to prepare beams for conducting beam fatigue tests (AASHTO T 321-07). Beams were compacted in a laboratory kneading compactor and then cut with a wet saw to 50 × 63 × 380-mm specimens. All trimmed specimens had air voids within the range of 5.0% to 7.0%. The beam test specimens were long-term aged (AASHTO R 30-02) before the beam fatigue tests were conducted at 20°C with a constant strain level of 500 µstrain. This strain level is the midpoint of the strain range for the procedure. Other work at NCAT has found that this provides a reasonable time to complete the test and provide a distinction of fatigue lives for different mixes. The number of cycles to failure was defined as the cycle corresponding to a 50% reduction in the initial stiffness, taken at the 50th cycle. Figure 11 shows the results of the beam fatigue tests on the longterm aged samples. Individual data points are shown for the triplicate tests to illustrate the variability of the results. An ANOVA indicated that fatigue lives were statistically different among the mixes in the experiment. A Tukey's pair-wise comparison analysis further indicated that the cycles to failure for the 45% RAP sections were significantly lower than those for the 25% RAP sections and the control section. The likely reason is the lower effective binder volume in the 45% RAP mixes. However, the virgin binder grades did not result in significantly different beam fatigue results for the 45% RAP sections. This suggests that the binder volume plays a greater role in fatigue life than the binder stiffness. Since the cracking evident in two of the test sections is not traditional bottom-up fatigue cracking, a comparison of the laboratory beam fatigue test results and field performance is not appropriate.
In January 2008 three cores were taken from each of the sections in the RAP experiment for testing to determine the energy ratio that Roque et al. have reported to be a good indicator of topdown cracking of surface mixes (4). The cores were tested and analyzed by the Florida Department of Transportation. The dissipated creep strain energy (DCSE) for a mix is determined from three indirect tensile tests: creep compliance, fracture energy, and resilient modulus. The minimum DCSE is calculated from expected stress conditions in the surface course for the specific pavement cross-section. The energy ratio is the calculated DCSE of the mix divided by the minimum DCSE; an energy ratio less than 1 is considered to have a high potential for top-down cracking. Results of the energy ratio analysis are shown in Figure 12 . These data show that the two mixes with the highest energy ratio, and that would therefore be expected to perform well in top-down cracking, were the mix with 45% RAP and PG 76-22 plus Sasobit, followed by the mix with 20% RAP and PG 76-22. The mixes from three sections have energy ratios less than 1.0, but these sections are also performing well.
SUMMARY AND CONCLUSIONS
On the basis of the construction and NCAT test track performance of the RAP experimental sections and the associated laboratory testing of the mixtures and binders, the following observations and conclusions are offered:
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• Recovered binders from the RAP and control mixtures graded slightly better than the predicted high and low critical temperatures from the Superpave mix design procedure.
• Stiffness of the overall binder in the RAP mixes has an impact on compactability in the field. Analysis of compactability showed that the mixes with 20% RAP compacted easier than the mixes with 45% RAP. Of the four sections with 45% RAP, the two sections with softer binder required less compactive effort than the mixes with polymer-modified binder. The addition of 1.5% Sasobit to the polymer-modified binder had no apparent effect on compactability.
• Despite low air voids and high VFA for a few mixes, the RAP test sections are performing well on the NCAT test track under heavy loading. All sections are performing well for rutting. The section with 20% RAP and a PG 67-22 virgin binder has the most rutting, with 8.6 mm of rutting after 9.4 million ESALs.
• Only two sections have some amount of minor cracking. The section with 45% RAP and PG 76-22 plus Sasobit has a moderate amount of low-severity longitudinal wheelpath cracking, but there is evidence that these are reflection cracks. The section with 20% RAP and PG 76-22 binder has a lesser amount of low-severity longitudinal wheelpath cracking, which may be the result of a construction defect.
• APA rutting tests on lab-molded cylindrical specimens from the RAP experiment mixes show the influence of binder stiffness on rut test results. Except for the virgin control mix, the APA test results ranked the mixes in a way similar to the test track.
• Master curves of laboratory-measured dynamic moduli for the RAP mixes also showed the effect of the binder stiffnesses on mix stiffness. Softer grades of virgin binder substantially decrease the mix stiffness, which could play a role in durability of RAP mixes under high-strain conditions.
• High-strain laboratory fatigue tests of the mixtures conditioned by long-term oven aging indicate that the 45% RAP mixes collectively were less fatigue-resistant than were the control mix and the 20% RAP mixes. However, the differences in fatigue results for the mixes appeared to be more affected by binder volume content than by binder stiffness. The conditions set in the beam fatigue tests (specimen aging, strain levels, temperatures, and lack of rest periods) are not representative of conditions on the surface mixes at the test track. The beam fatigue tests were conducted merely as a way to rank the mixes from the RAP experiment. • The energy ratio test on cores from the experimental sections indicates that polymer modification was beneficial for the RAP mixes. However, this was not evident with the bending beam fatigue tests.
• On the basis of the field performance data available to date and the results of a variety of laboratory tests, there does not appear to be a strong case to support the approach of using a softer-grade virgin binder for high RAP mixes.
Field performance of the mixtures will be monitored at least through December 2008, at which time the test sections will have carried 10 million ESALs. Additional laboratory work is under way to further analyze the issue of virgin binder effects and to include other tests for characterizing the mixtures for rutting and cracking.
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